Abstract: Future generation local communication systems will need to employ THz frequency bands capable of transferring sizable amounts of data. Current THz technology via electrical excitation is limited by the upper limits of device cutoff frequencies and by the lower limits of optical transitions in quantum confined structures. Current metallic THz antennas require high power to overcome scattering losses and tend to have low antenna efficiency. We show here via calculation and simulation that graphene can sustain electromagnetic propagation at THz frequencies via engineering the intra-and interband Dashti and Carey, Adv. Funct. Mater. 28, 1705925 (2018) 2 contributions to the dynamical conductivity to produce a variable surface impedance microstrip antenna with a several hundred GHz bandwidth. We report the optimization of a circular graphene microstrip patch antenna on silicon with an optimized return loss of -26 dB, a -10 dB bandwidth of 504 GHz and an antenna efficiency of -3.4 dB operating at a frequency of 2 THz. An improved antenna efficiency of -0.36 dB can be found at 3.5 THz but is accompanied by a lower bandwidth of about 200 GHz. Such large bandwidths and antenna efficiencies offers significant hope for graphene based flexible directional antennas that can be employed for future THz local device-to-device communications.
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Introduction
Bridging the THz gap between the highest frequencies of electronics and the lowest frequencies of photonics is one of the ongoing challenges facing electronic and photonic materials and device engineering. [1, 2] Advances in wireless communications are predicted to see global internet protocol (IP) traffic rise from 122 exabytes (10 18 bytes) per month in 2017
to 278 exabytes per month by 2021, with traffic from wireless and mobile devices predicted by then to account for more than 63% of total IP traffic. [3] Channel capacity of 100 Gbit/s will be required for the next generation of communication systems and will require ever increasing bandwidth which in turn encourages exploitation of higher frequency bands, including THz bands, for data transfer. [2] Knowing that signal attenuation via atmospheric water and molecular absorption is significant at THz frequencies, practical data transmission at these frequencies will mainly involve near field communications, such as device-to-device for wireless personal area networks. Losses above frequencies of 1 THz typically arise from a broad background attenuation of 100 dB/km with levels of signal attenuation peaking at 10 4 dB/km. [2] Efforts to increase current gain, f T , or power gain, f max , cutoff frequencies of high electron mobility transistors (HEMTs) fabricated from Si, SiGe and III-V semiconductors are limited to several hundred GHz, [4] though an InGaAs channel based metamorphic HEMT was reported as having a f T of 515 GHz. [5] Furthermore electrical excitation up to 1 THz using resonant tunnel diodes tends to suffer from low efficiency due to mobility limiting carrier transit times and overall device capacitance. [6] The reduction of the frequencies of optical transitions found in semiconductor lasers below 30 THz (equivalent to transitions with wavelengths beyond 10 m) remains challenging though free electron laser sources can generate THz radiation but are both bulky and expensive. Power output levels from even high efficiency quantum cascade lasers also rarely exceed 10 mW under continuous operation at room temperature. [7] Opportunities therefore to fabricate efficient THz sources, modulators
and detectors would open potential new applications in portable imaging for defense and security technologies, [8] in reflectometry-based medical imaging, [9] and in non-destructive ultrafast spectroscopy of materials. [10] Connected, autonomous and/or smart devices that make use of Internet of Things applications will also benefit from the increase in bandwidth for data transfer. 11 Key to these developments is the exploration of the characteristics of new materials and devices at high frequencies. Evaluation of the electrical and electronic properties of graphene for THz applications, and in particular for antennas, is the goal of this study. The interest in the use of graphene as a material for THz applications arises from rapid advancements in large-area high-quality production, 12 improvements in carrier mobility potentially resulting in high cutoff frequencies for electrical excitation, 13 and a largely wavelength-independent adsorption for efficient optical detection. [14, 15] Fabrication of graphene devices that operate at THz frequencies is attractive as the linear low energy band dispersion around the Dirac point results in quasi-particles propagating at
Fermi velocities of about 10 6 m/s (~c/300, where c is the speed of light in vacuum). [16] The carrier density can be adjusted by means of the variation of a gate voltage for graphene fabricated in a transistor geometry, [17] or through selective n-or p-type molecular doping with high charge transfer per molecule; both methods resulting in tunable surface conductivity materials for antenna arrays. [18] High carrier mobility graphene devices of tailored geometries on selected substrates can now be regularly fabricated. 19 A further advantage of graphene is the opportunity of tunable plasmon formation at much lower energies than that found via optical excitation of noble metals; additionally such graphene plasmons possess a high degree of confinement with lifetimes that extend beyond many hundreds of optical cycles. [20] These observations have has led to the successful development of large-area graphene based plasmonic antenna arrays with a signal-to-noise ratio in excess of 100 dB. [21] Choosing the correct graphene-substrate geometry has also been shown to lead to a high degree of confinement in a neighboring frequency selective surface resulting in high modulation depth with a low insertion loss for THz modulators. [ 22 ] Graphene based split-ring resonator structures can also be engineered to control the inductive currents flowing in the split-ring elements, and in the capacitive elements to maximize the strength of the electromagnetic field in the gap between the arms; this has led to the development of a low bias (0.5 V) modulator operating between 2 and 3 THz. [23] Conventional metal antennas fabricated at micron scales tend to have operating frequencies at hundreds of THz. At these very high frequencies, high power is often required to overcome scattering losses in the metal and propagation losses in the atmosphere which limits their range for data transfer. Antennas operating at THz frequencies have the significant advantage of potentially higher bandwidth for data transfer with improved resolution and spatial directivity. Graphene based antennas, as an alternative to metal antennas, have been far less explored as the sizes of graphene samples were previously limited but this is less of a concern with wafer-scale production possible via chemical vapor deposition (CVD) and related methods. [24, 25] The development of wafer-scale production of graphene has already seen significant developments with, for example, a 50
GBit/s graphene photodetector integrated into a silicon photonic communication system. [26] Large area graphene can also be placed on conformal surfaces, such as windows to act as electrochromic devices. 27 Key to many of these applications is the opportunity to make use of graphene as a conductive, flexible and light weight material which can be produced by technology-mature, wafer-scale production methods, and which is compatible with microwave device processing. 26, 28 Critical evaluation of graphene as a potential new material for high frequency applications therefore requires determination of the dynamical conductivity response, and how parameters such as the carrier density and carrier scattering time affect the real and imaginary components of both the 2D conductivity and the dielectric constant. Knowledge of these parameters as well as the dielectric environment e.g. choice of substrate, can then be fed into the design of a microstrip graphene patch antenna. A microstrip antenna architecture is employed as such antennas are of smaller physical size compared to dipole, Yagi-Uda or horn antennas and can be patterned on non-planar surfaces while remaining conformal with graphene. The microstrip antenna can also be easily designed to produce a variety of radiation patterns and polarizations, and depending on shape (circular, rectangular etc.), and can have dual or multi-frequency operation. 29 The principal disadvantage of microstrip antennas, however, tends to be lower gain compared to other types of antenna design and a narrower bandwidth. We will show here that graphene based antennas can actually support a large bandwidth without significantly comprising antenna efficiency.
We first calculate, within the random phase approximation, the dynamical conductivity response and relative dielectric constant of graphene at high frequencies taking into account both the intra-and interband contributions to conductivity in the q→0 local limit. We further identify the factors that influence the characteristics of a circular microstrip antenna including choice of dielectric substrate, resonant frequency and bandwidth response of the return loss in the 1-10 THz frequency range. Finally, we calculate the antenna properties such as voltage standing wave ratio, radiation efficiency, and the radiation pattern of both the electric and magnetic field components. The broader prospects for graphene based antennas operating in the THz part of the spectrum are also discussed.
Dynamical Conductivity Engineering in Graphene
The dynamical sheet conductivity, σ(q, ω), is the linear response of the current density to an applied time-varying electric field. The q→0 in-plane wavevector limit of σ(q, ω) describes the response to electromagnetic waves whose wavelengths are longer than the characteristic length scale found in electronic systems. Within the random phase approximation the dynamical sheet conductivity,  s (), in the local limit, can be expressed as
where k B is Boltzmann's constant,  is the carrier scattering time, T is temperature,  is frequency and E F is the Fermi energy. [30, 31] The Fermi energy can be related to the net carrier density, assuming a linear low energy density of states near the Dirac point, via the
. 32 For a Fermi velocity of 10 6 m/s and a net carrier density, n, measured in cm -2 , the value of E F , expressed in units of eV, can be approximated to be
. The first term in equation (1) ; for the cases considered in Figure 1 (b) and (c) the low frequency (two-dimensional) conductivity is calculated to be 24 mS and 2.4 mS, respectively. At such low frequencies (from DC up to around 10 GHz) the conductivity exhibits a dispersionless behavior which could be useful for broadband applications, such as half-wavelength filters or quarter-wavelength couplers. The frequency-independent behavior of the conductivity at frequencies up to 10 GHz can be compared with conventional metal conductors where the current flow arising from an incident EM wave is constrained to about five skin depths from the surface. As the frequency increases, surface roughness losses in a metal play an ever increasing role with a typical loss rate of 0.1 dB/mm per GHz frequency reported for mm-long coplanar waveguide (CPW) structures fabricated from either micronsize or nanometer-size grains of silver. 34 Skulason et al. have reported that measurements made on CVD grown graphene fabricated in a CPW structure also reveal a negligible dependence on frequency up to 110 GHz, which was attributed to a negligible influence of the skin effect and an insignificant contribution from the kinetic inductance. 35 A dispersionless behavior in the high frequency transport behavior of multiwalled carbon nanotube−polymer composite CPWs with losses as low as 0.15 dB/mm between 40 and 110 GHz has also been reported. 36 In this case the frequency-independent behavior was attributed to the capacitive coupling between the nanotubes surrounded by a thin polymer layer coating when the nanotube volume fraction exceeds the percolation threshold.
As the frequency increases the imaginary components in Figure 1 , and when 1   the conductivity has contributions from both intraand interband conduction. In this high frequency regime (Figure 2(a) and (b) ) the real component of the interband conductivity, Re  s,inter , is given by on SiC substrate. [37] The increase in the real component of the conductivity to the saturating value occurs at about 2E F in both cases of Figure 2 however, below 1 THz the magnitude of  1 tends to level out around 1 GHz. Having explored the dynamic conductivity we move to calculation of the THz properties of a graphene antenna.
Graphene Antenna Design

Patch Antenna Design Considerations
Graphene antenna design calculations were performed using a commercial electromagnetic simulator, CST STUDIO SUITE (version 2015). 38 Within CST STUDIO SUITE, graphene is With the aid of Equations (5) and (6) and for the lowest resonant frequency of about 2 THz, the radius of the antenna is calculated to be 18 m on a silicon substrate. We show below how the choice of substrate material and dimensions affect the RL and other parameters. With a graphene antenna radius of 18 m the substrate size is fixed as 40 m x 40 m, as shown in Figure 3a .
Graphene-Substrate Choice Design Considerations
The selection of the antenna's substrate is important as not only does it provide mechanical support but a different substrate dielectric constant affects the field distribution which in turn influences the antenna's radiation characteristics. We have explored the graphene patch antenna characteristics on selected substrates of silicon ( r = 11.9), FR4 ( r = 4. respectively. For the case of graphene on the other substrates the values of return loss are lower (less negative) never going below -23 dB; these calculations were performed for a substrate thickness of 10 m. As a Si substrate appears to give the largest RL we have further explored the effect of different silicon substrate thicknesses (Figure 3(c) ) between 2 to 10 m.
The value of RL becomes larger for thicker substrates though the value of the -10 dB bandwidth decreases for increasing thickness. For example, if a resonant frequency of 2 THz is required, a Si substrate of 6 m thickness should be used where the RL is -26.0 dB and the -10 dB RL bandwidth is 500 GHz. The values of the RL and ultra-wide bandwidth found here can be compared with, for example, Thampy et al. who fabricated a rectangular patch antenna on a polyimide substrate operating at 6 THz. 40 They found a -40 dB return loss with a -10 dB bandwidth of 180 GHz, smaller than that found here. Bala and Marwaha explored the characteristics of a triangular graphene antenna of 40 m side on quartz on SiO 2 designed to operate between 1-3 THz. 41 They reported a gate tunable return loss which was maximized at -17.3 dB at a frequency of 2.4 THz.
Graphene Antenna Performance Characteristics
One of the key performance indicators for an antenna is the voltage standing wave ratio 
Conclusions
We have explored the high frequency two-dimensional conductivity of graphene and the contributions made by intra-and interband transitions to the conductivity in different frequency ranges. We have shown that the dynamical behavior of graphene for frequencies up to about 10 GHz shows a largely dispersionless response whose magnitude can be 
